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Abstract 
We present new specific heat data for Nb3Sn, a well-known technically applied 
superconductor with a critical temperature 18@cT  K, in the temperature range from 1.2 to 
200 K in zero magnetic field, and from 1.5 to 22 K in fields 16£H  T. The particularly dense 
and homogeneous polycrystalline sample used for this study is characterized in detail. We 
determine the bulk upper critical field )(2 THc  from specific heat data, and the Sommerfeld 
constant g  from the entropy )(TS . We investigate in detail a low-temperature anomaly 
already noticed in previous investigations in zero field, and find that this feature can be 
quantitatively ascribed to the presence of a second superconducting gap cBS Tk8.0)0(2 @D , in 
addition to the main one cBL Tk9.4)0(2 @D . The signature of this minor gap, which affects 
7.5% of the electronic density-of-states, vanishes in high fields. 
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Introduction 
 
The unexpected discovery of superconductivity at 39 K in MgB2, a classical non-oxide 
intermetallic compound, has stimulated a great deal of interest. A particularly interesting 
feature of MgB2 is the existence of two sets of electronic bands crossing the Fermi level, 
which give rise to distinct superconducting gaps.[1] The presence of two gaps (more 
precisely, two groups of gaps) was assessed by various techniques probing the surface as well 
as the bulk of the sample (see Ref. [2] for a review). The two-gap feature is particularly 
evident in MgB2 because the density of states at the Fermi level is almost equally shared 
between the two sets of bands, and because the gaps widths, being in a ratio ~3:1, are 
sufficiently different to be easily resolved. One may wonder if two-gap superconductivity 
only occurs as an exception in nature, being limited to MgB2, Nb-doped SrTiO3 [3] and 
possibly some s-d elements,[4, 5] or if it exists more generally, but has not been paid 
sufficient attention in the past. One of the conditions for multigap superconductivity to occur 
is that more than one band should cross the Fermi level, a prerequisite that is commonly 
satisfied e.g. in s-d metals. A second condition is weak interband scattering.[6] The latter is 
seldom met. The different dimensionality characterizing the s  and p  bands in MgB2 helps to 
satisfy this requirement.[7] 
 
The specific heat of some superconductors differs markedly from the BCS behavior at low 
temperature, indicating that they may be candidates in the search for additional examples of 
multigap superconductivity. One of them is Nb3Sn, a material which like NbTi is in 
technological use, and in which the structural, electronic, magnetic, elastic, vibrational, and 
superconducting properties have been widely documented.[8-11] Several studies have shown 
that the specific heat of Nb3Sn does not vanish exponentially at low temperature below 
4/~ cT ; these studies were generally limited to zero field or were not sufficiently detailed, so 
that no definitive conclusions could be drawn. In this paper, we reinvestigate the specific heat 
in the temperature range from 1.2 K to well over cT , in several magnetic fields up to 16 T, in 
order to decide if the origin of this anomaly lies in the lattice vibrations or in the electronic 
spectrum. We find that this anomaly is field-dependent, which excludes phonons as a possible 
cause. Furthermore, we find that the two-gap model recently advocated by Bouquet et al. [12] 
accurately fits our data. Finally, very recent point-contact spectroscopy experiments 
performed on the same sample also detect a feature on the same energy scale as the smaller 
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gap.[13] We conclude that Nb3Sn is a new example of two-gap superconductivity. 
 
Previous specific heat studies 
 
We first review earlier representative work in order to establish that the anomaly we discuss is 
a distinctive and general feature of Nb3Sn rather than the property of a particular sample. 
 
The specific heat data in zero field of Vieland and Wicklund [14] follow the law 
2
30/ TTC b+g=  between 1.1 K and 5 K, with 8.00 @g  mJ/(K
2gat) (one gat is ¼ of a mol, i.e. 
99.5 g of Nb3Sn). Ideally, in a fully gapped superconductor, the parameter 0g  should be zero. 
The term 23Tb  represents the lattice contribution. Vieland and Wicklund noted that this 
behavior is consistent either with one-dimensional modes in the vibrational spectrum, or with 
the two-gap model of Suhl et al. [6] in the limit )0(SBTk D>> , where )0(SD  is the smaller 
gap attributed to the s-band; in this regime the s-band electrons make a normal electron-like 
contribution to the specific heat. However the decreasing specific heat in the fully gapped 
regime )0(SBTk D<<  was not observed, so that this interpretation remained speculative. 
 
One of us (A. J.) investigated the specific heat of several Nb3Sn polycrystals with various cT s 
in the same temperature range.[15] For two nearly stoichiometric samples with 18@cT K, it 
was found that TC / , although similar to Vieland's data above 2.2 K, showed a downturn as 
0®T , which was inconsistent with a constant value of the 0g  parameter. It was suggested 
that this anomaly was related to the softening of the 1]0[ TVV  phonon mode, which had been 
observed in neutron scattering experiments.[16] 
 
Stewart et al. also found an anomalous specific heat for 5.44.1 ££ T K in a polycrystalline 
sample which, according to the lattice constant a = 5.290 Å, was probably slightly Sn-
deficient.[17] Using the analytic form 230/ TTC b+g= , they obtained 25.00 @g  mJ/(K
2gat). 
In a later work, the value 5.00 @g  mJ/(K
2gat) was given for a single crystal, using data for 
2.40.2 ££ T K.[18] Stewart et al. listed several possible explanations for 0g  being non-zero, 
including two-gap superconductivity and a phonon anomaly, and rejected the possible effect 
of impurities. 
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Among other measurements of the specific heat of Nb3Sn available in the literature, the 
precise data of Khlopkin in fields up to 19 T should be mentioned; however the temperature 
range below 4.5 K was not investigated.[19] 
 
Sample 
 
The polycrystalline sample used for this study was synthesized at the Forschungszentrum  
Karlsruhe by hot isostatic pressing (HIP). Powders of Nb (99.9% purity) and Sn (99.5%) were 
mixed in a nominal composition Nb0.746Sn0.254 and reacted at 1100°C for 24 h under a 
pressure p(Ar) = 100 bar. The excess tin provides a liquid phase during the whole process and 
helps to form dense samples; the resulting macroscopic density is greater than 98.3% of the 
X-ray density of 8.91 g/cm3 calculated with the assumption of a perfect crystal lattice. The 
homogeneity, as indicated by the sharpness of the superconducting transition (see below), is 
high even for large samples. Details and extensive characterization are given in Ref. [20]. 
 
Powder diffraction patterns were obtained using a Huber G645 diffractometer in the Guinier 
geometry, and were refined by the Rietveld method using the FULLPROF program.[21] 
Above 50 K, the patterns only show the lines of the cubic A15 phase, space group Pm3n (Fig. 
1). The lattice parameter at room temperature, a = 5.293 Å, is consistent with a slight excess 
of Sn, indicating that the final composition is nearly identical to the nominal one, 
Nb0.746Sn0.254.[20] Near 40 K, the sample undergoes a structural martensitic transformation 
(Fig. 1, inset). The tetragonal distortion, 0026.01/ -=-ac  at 10 K, is approximately half that 
reported for a single crystal in the literature;[22] it is estimated that only 30 to 40% of the 
sample volume transforms.[20] We recall that the martensitic transformation is highly 
sensitive to the Sn concentration, and only occurs in the range of compositions between 
approximately Nb0.747Sn0.253 and Nb0.755Sn0.245.[20, 23] There is a small non-transforming 
phase regime between Nb0.747Sn0.253 and the phase boundary located at approximately 
Nb0.744Sn0.256. The composition of the sample reported in this paper was chosen to be in the 
tin-rich non-transforming regime. Systematic studies have shown that the tetragonal distortion 
does not lower the superconducting transition temperature by more than a fraction of a 
degree;[24] neither does it significantly affect the density of states at the Fermi level.[25, 26] 
 
The superconducting transition temperature was determined by three methods: ac 
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susceptibility in an alternating field of 10 m T at 80 Hz, dc magnetization measured in a 
SQUID magnetometer at 0.5 and 5 mT, and the specific heat jump in zero field, which, in this 
order, are increasingly representative of the bulk. The transition width is =D cT 10 mK, 10%-
90%, according to ac susceptibility (Fig. 2a, inset), and 80 mK, 10%-90%, according to the 
specific heat jump. The dc magnetization is consistent with full diamagnetism (Fig. 2b, inset). 
The midpoint of the specific heat jump is located at 17.75 K, ~0.3 K below the midpoint of 
the ac susceptibility step. The latter, which is sensitive to shielding, may indicate a different 
tetragonal distortion at the surface due to local strain. Indications for this scenario can be 
found in the rather large anomaly (compared to our specific heat data) observed in the thermal 
expansivity at the martensitic transition,[20] which is directly linked to a strong strain/stress 
dependence of this structural transition. 
 
A bar-shaped sample with a length of 5.8 mm and a cross-section of 0.56 mm2 was cut from 
the main sample and used for standard 4-wire resistance measurements. The resistivity just 
above the superconducting transition is =r )( cT 13.0±0.2 Wm  cm, which is about half the best 
values reported for polycrystals,[20, 23] and 4-20% larger than those obtained for vapor-
deposited films;[27] 4.5)(/)K300( =rr cT . 
 
Calorimetry and data analysis 
 
For measurements from 15 to 200 K in zero field, a 0.30 g piece was cut from the main 
sample, and measured in an adiabatic, continuous-heating calorimeter.[28] Results for )(TC  
are shown in Fig. 2a. No singularity was observed at the martensitic transformation 
temperature to within the limits of the experimental scatter of ~0.02%; only a small change in 
the slope was barely detectable. In the upper temperature range, the specific heat is dominated 
by the lattice contribution. The effective Debye temperature is defined as the value )(TDQ  
such that the calculated Debye specific heat )/( TC DD Q  is equal to the measured lattice 
specific heat per gram-atom )(TCph  at a given temperature T. The full Debye specific heat 
function RCTf DDD 3/)/( =Q  is calculated numerically. The “instantaneous” Debye 
temperature is then obtained from ( )RTCfTT phDD 3/)()( 1-=Q . The electronic contribution 
eC  must be subtracted first. Up to DT Q» 2.0 , we use the low-temperature Sommerfeld 
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contribution TCe g=  as determined below. Above DT Q» 3.0 , i.e. in the upper half of the 
temperature range of the present measurements, the electron-phonon renormalization 
contribution is expected to vanish, therefore we subtract an electronic specific heat reduced by 
a factor of 31 »l+ .[29, 30] In practice, the uncertainty on the electronic contribution remains 
relatively unimportant over a broad temperature range. Anharmonic corrections are neglected. 
Within these assumptions, we find that the effective Debye temperature increases 
monotonously from 234)0( =QD K (see below) and 350)K200( @=Q TD  K. 
 
For measurements below 22 K as a function of the magnetic field, we cut a 21 mg piece from 
the previous sample and used a relaxation calorimeter.[28] A particular feature of our 
technique is that each thermal relaxation provides 10-100 data points, acquired during both 
the heating and cooling periods. The field is always applied or changed above cT . The zero-
field curve )(TC  shows a sharp jump 34/ =D cTC mJ/(K
2gat) at the superconducting 
transition (Fig 2b; also see Fig. 6b below), comparable with the literature data 31 
mJ/(K2gat),[31]  32 mJ/(K2gat),[15]  31 mJ/(K2gat),[18]  and 28 mJ/(K2gat).[19] 
 
The highest field available in our laboratory, 16 T, can suppress superconductivity in Nb3Sn 
only down to ~10 K. Owing to the temperature dependence of the effective Debye 
temperature, the separation of the electronic and lattice heat capacities requires some care. We 
assume that for 22<T K, the normal-state specific heat obeys the usual form 
 
5
5
3
3)( TTTTCn b+b+g= , 
 
where Tg  is the Sommerfeld electronic contribution (not to be confused with the anomalous 
residual term T0g ), and 
5
5
3
3 TT b+b  are the first terms of the low-temperature expansion of 
the lattice specific heat. The unconstrained extrapolation of the normal-state specific heat 
TCn /  versus 
2T  from ~10 K to zero would introduce a large uncertainty, in particular on g  
because Tg  provides a minor contribution above ~10 K. Therefore we do not determine the 
normal-state curve )(TCn  by fitting the measured specific heat )(TCs  above )(HTc ; we 
rather determine the normal-state entropy )(TSn  by fitting the measured entropy )(TSs  above 
)(HTc . This automatically satisfies the constraint )()( cscn TSTS = . In addition, phonons 
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contribute ~3 times less in the low-temperature expansion of the normal-state entropy: 
 
5
5
3
3 5
1
3
1)( TTTTSn b+b+g= , 
 
Evidently, )(TCn  is determined once )(TSn  is known. Experimentally, the entropy is 
obtained by numerical integration of the data, taking into account the third law of 
thermodynamics: 
 
ò ¢¢=
T
Td
T
CTS
0
)(  
 
Missing data between 0 and ~1.2 K are extrapolated using the empirical expression 
n
cs aTHTTTC +g=<< )(/)(  fitted between ~1.2 and 4 K. As shown in Fig. 3, the 
extrapolation of TSn /  versus 
2T  from )(HTc  to 0=T  is well defined. It yields 7.13=g  
mJ/(K2gat), using a global fit of all )(TSn  curves between )(HTc  and 22 K. Literature data 
show some scatter as they are usually based on an extrapolation of TC / : 13.1 
mJ/(K2gat),[31] 11.2 to 13.5 mJ/(K2gat),[15] 8.3 mJ/(K2gat),[18] and 11 mJ/(K2gat).[19] The 
same fit determines the lattice coefficients 152.03 =b  mJ/(K
4gat) and 077.05 -=b  
m J/(K6gat). The initial Debye temperature obtained from 
 
3/1
3
4
5
12)0( ÷÷
ø
ö
çç
è
æ
b
p
=Q
R
D , 
 
where R is the ideal gas constant and 3b  refers to one gram-atom, is 234)0( =QD  K. 
Comparable data are found in the literature: 228 K,[31] 225 to 238 K,[15] 230 K,[18] and 232 
K.[19] This determination of the lattice specific heat allows us to isolate the electronic 
contribution, assuming as usual that superconductivity does not measurably affect the lattice 
component: 
 
5
5
3
3)()( TTTCTCe b-b-= . 
 
manuscript Guritanu et al PRB 2004.doc 
8/28 
The condensation energy and the thermodynamic critical field are obtained by integration of 
experimental data, using the cell volume at 10 K (Table I). With a maximum of +0.026 at 
62.0/ =º cTTt , the deviation function )1()(
2thtD --º , where )0(/)( cc HTHh º , is 
comparable with that of Pb, and characteristic of strong coupling (Fig. 5, inset).[32, 33] 
 
Electronic specific heat in zero field 
 
The electronic specific heat in the superconducting state normalized to that in the normal 
state, TCes g/ , has been tabulated by Mühlschlegel for an isotropic, single-band BCS 
superconductor.[34] This is represented by the long-dashed line in Figs 6a and 6b below; note 
that TCes g/  becomes negligible on the scale of these plots below cT15.0~ . The data for 
Nb3Sn differ significantly from this ideal behavior. In particular, the data below cT15.0~  
exceed the BCS values by several orders of magnitude (see Fig. 6a below). This anomaly, 
which cannot be described by a simple constant 0g , is the key point of the present study. 
 
Near cT , one also notices a large deviation with respect to the BCS model. The reduced 
specific heat jump 5.2/)( @gD cc TTC  definitely exceeds the BCS value 1.426. However, this 
difference is well understood in the framework of strong-coupling superconductivity, and 
merely means that the condition 1/ <<wcT , where w  is an average phonon frequency, is not 
fulfilled.[33, 35] Using the empirical model of Padamsee et al.,[36] we find that the large 
jump at cT  can be accounted for by assuming a gap cBL Tk7.4)0(2 @D  rather than the BCS 
value cBTk53.3)0(2 =D  (we note that this tentative fit exceeds the data for 9.0/45.0 << cTT , 
unlike the improved model introduced later). Owing to the larger gap, strong-coupling 
corrections imply an even faster decrease of the electronic specific heat as 0®T  compared 
to the BCS model (see Fig. 6a below, short-dashed line); therefore strong coupling does not 
help to explain the anomaly at 0®T . 
 
Electronic specific heat in a magnetic field 
 
We have measured the specific heat in fields of 2, 4, 7, 10, 13, and 16 T from 1.5 to 22 K. 
These measurements were later supplemented by low-field data at 0.2, 0.5, and 1 T from 1.5 
to 5 K. The first data set is shown in Fig. 4. At each field, a specific heat jump marks the 
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superconducting transition )(HTc . The jump in zero field is larger than the continuation of 
the jumps at the transition from the normal state to the mixed state, as expected from Maki's 
theory,[37] and already documented experimentally by Khlopkin.[19] It is crucial to note that 
the zero-field anomaly at 202 <T K2 disappears at high fields (Fig. 4, insets). This rules out 
phonons as a possible cause of the anomaly. 
 
Although the following point is not central for our discussion of the low-temperature 
anomaly, we use the present specific heat data to better define the bulk value of the upper 
critical field of Nb3Sn at 0®T . In the first method, we rely essentially on the initial slope of 
)(2 THc , and fit the WHH formula in the dirty limit [38] to )(HTc  as determined from the 
midpoint of the specific heat jump for 0 £ H £ 4 T. The result is 25)0(2 =cH  T. However, the 
data at 10, 13 and 16 T noticeably exceed the WHH curve (Fig. 5), a deviation that generally 
occurs not only in strong-coupling superconductors, but also in anisotropic or two-band 
superconductors.[39, 40] Both )0(2cH  and the deviations are in perfect agreement with the 
work of Khlopkin.[19] We alternatively determined the transition temperature in each field 
using the local entropy balance, )(HTc  being then given by the intersection of the quasi-linear 
sections of the entropy curves in Fig. 3 extrapolated from above and from below into the 
transition region. The latter determinations are shown as an error bar on the low temperature 
side of the  symbols in the phase diagram (Fig. 5). The difference with the “midpoint” is at 
most of the order of the radius of the symbols, so that the deviation with respect to the WHH 
curve appears to be a robust feature. In the second method, we look at the increase of the 
mixed-state electronic coefficient ]/),([lim)( 0 THTCH Tm ®ºg . This would require an 
extrapolation to 0=T ; we show in the inset Fig. 3 the values of THTCe /),(  at 1=T  K (see 
also Fig. 4, right inset). )(Hmg  increases almost linearly as a function of the field, and is 
bound to reach the Sommerfeld constant g  at )0(2cH .[41] The intersection of the )(Hmg  line 
with the g  limit defines 25)0(2 =cH T, in agreement with the previous method, without 
having to assume any functional shape for )(2 THc . Resistively determined transitions for 
Nb3Sn wires in static fields up to 23 T have yielded 5.24)0(2 =cH  T.[42] 
 
We now concentrate on the anomaly in the specific heat at 0®T  which is visible at the 
origin of Fig. 4. Most of the “wiggle” below »2T 40 K2 vanishes between 2 and 4 T (see also 
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the entropy in Fig. 3). The right inset of Fig. 4 shows an expanded view below 4.5 K, 
including additional data at low fields. This plot reveals that the residual anomalous negative 
curvature below »2T 20 K2 persists up to ~7 T. At higher fields, the electronic specific heat 
in the mixed state follows the usual law 
 
)(,)()(/),( 2 HTTTHHTHTC cmmes <<b+g=  
 
with )0(/)( 2cm HHH g@g ; 
2)( THmb  is a second-order term in the development of the 
mixed-state electronic specific heat.[37] Therefore the present data show a smooth crossover 
from an anomalous behavior at low field (< 2 T) to a standard behavior at high field (> 8 T). 
We shall refer to the intermediate field scale as the crossover field »ScH ,2 5±3 T, keeping in 
mind that its value depends on the selected criterion. 
 
Several arguments show that the low-temperature anomaly cannot be explained by the 
superconducting transition of an impurity phase distributed between 2 and 6 K. The 
magnetization is perfectly flat below cT , both in the field-cooled and zero-field cooled mode 
(inset of Fig. 2b). The critical field of a Sn-rich impurity would be inconsistent with the 
observed crossover field, since @)0(cH 0.03 T for pure Sn. On the Nb-rich side, A15-type 
Nb1-xSnx can be excluded because of its minimum critical temperature of ~7 K. Finally X-ray 
patterns do not show any extra line, which sets a limit of ~3% for the concentration of a 
hypothetical second phase. In order to account for the amplitude of the anomaly with such a 
small concentration, the g-value of the low- cT  phase would have to be two to three times 
larger than that of Nb3Sn itself. The latter is already unusually large. This is very unlikely.   
 
Discussion 
 
The specific heat data presented here display an anomaly in the specific heat below ~0.25 cT  
which disappears in the vicinity of 5±3 T. This behavior is reminiscent of the excess specific 
heat observed below ~0.6 cT  in MgB2 (inset of Fig. 6a), and which vanishes above ~0.5 
T.[43] The maximum excess TC /  with respect to the BCS curve is ~ 2/g  in MgB2, compared 
with ~ 13/g  for Nb3Sn (Fig. 6a). This correspondence suggests that we may quantitatively 
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analyze the zero-field data for Nb3Sn using the empirical two-gap model of Bouquet et al. 
developed and successfully applied to MgB2.[12] The fitted two-gap curve is shown together 
with the data at low temperature in Fig. 6a, and up to cT  in Fig. 6b; the three parameters of 
the fit, i.e. two gaps and the DOS fraction, are listed in Table II. The two-gap model not only 
correctly represents the low temperature anomaly (except for a few points below 10/cT ), 
allowing the width of the smaller gap cBcL Tk8.0)0(2 @D  to be determined, but also 
significantly improves the fit in the intermediate temperature range 9.0/45.0 << cTT  as 
compared to the single-gap model. Note that the value of the larger gap has increased 
somewhat, 9.4/)0(2 @D cBL Tk  rather than 4.7. The larger gap combines with the reduced 
weight to match the same jump height, but the added degree of freedom in the two-gap model 
allows the change of slope  )(/)/( 2TdTCd  at cT  to be more accurately fitted than with the 
single gap model. Therefore the presence of a second gap in Nb3Sn with parameters as given 
in Table II is consistent with the present data at all temperatures. The smaller gap SD  opens 
on a band (or set of bands) that represent 7.5% of the total density of states (more precisely, 
the partial Sommerfeld constant is g@g 075.0S ), and its width )0(SD  is about six times 
smaller than that of the main gap )0(LD . The contribution of the minor gap to the specific 
heat is reminiscent of that of a semiconducting gap.[2] The partial specific heat should 
initially increase exponentially for SBTk D<< ; indications of such an increase are observed at 
the lowest temperatures of our experiment. When SBTk D>  the behavior of the electrons in 
the small gapped band will essentially be identical to that of normal electrons TC SSes g@, . At 
still higher temperature, the exponential increase due to the main gap takes over (Fig. 6a). 
 
The BCS plot of the logarithm of the specific heat versus the inverse temperature gives 
another way to visualize the smaller gap (inset of Fig. 6b). Generally speaking, in the range 
3.3/5.2 << TTc , the slope of )/ln( ces TC g  versus TTc /  would appear to equal 
cBTk/)0()76.1/44.1( D-  to within 10% for a wide range of materials and model spectra.[44] In 
Nb3Sn, one observes a crossover from a slope higher than BCS at high temperature, to a slope 
2.0- , much smaller than BCS, at low temperature. Again, this reflects one of the gaps being 
larger, and the other one smaller than the BCS gap, as required by the theory of two-band 
superconductivity.[45] However, because of large strong-coupling corrections, the gap 
parameters given in Table II do not satisfy the BCS sum rule of Combescot.[45] Note that the 
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value 9.4/2 =D cBL Tk  obtained in this work somewhat exceeds those obtained from tunneling 
measurements on stoichiometric samples, which fall in the range 4.1 to 4.5.[46-48] Surface 
values may differ from bulk values; however it would be interesting to include two gaps in the 
inversion algorithm of the tunneling spectra to see how it would affect the results.[30] 
 
The effect of the field can only be discussed at a qualitative level. In analogy with MgB2, we 
define two values of the coherence length which are relevant for the carriers of the bands 
labeled S and L, respectively: SFSS v Dpx /~ h  and LFLL v Dpx /~ h , where FSv  and FLv  are the 
Fermi velocities. Formally, they correspond to two critical fields 2220,2 /)0(~)0( FSSSc vH hDF  
and 2220,2 /)0(~)0( FLLLc vH hDF . The first of these is a “crossover field” at which S-band 
vortices overlap, S-band electrons start to contribute as normal carriers, and the structure in 
TC /  associated with the smaller gap levels off. Unlike MgB2, this crossover does not appear 
in the plot of )(Hmg  (inset of Fig. 3). We attribute this to the smallness of the DOS of the S 
band, and to the fact that )(Hmg  is estimated at 1=T  K rather than 0=T , which adds a 
compensating positive curvature due to excited pairs (note that data taken at T << 1 K would 
not improve the determination, as they would be dominated by the hyperfine specific heat of 
Nb nuclei). The second field is the true upper critical field, at which L-band vortices overlap 
and at the same time superconductivity is suppressed.[49] Estimating )0(,2 ScH  from the field 
beyond which the anomalous low-temperature wiggle disappears in Fig. 4, we find 
12/3 ,2,2 ££ ScLc HH . This ratio does not have to scale with the gap ratio since the Fermi 
velocity also plays a role. Together with 6)0(/)0( @DD SL , we obtain 6.0/3.0 ££ FLFS vv , i.e. 
the minor gap would be associated with slow carriers. 
 
This result is unexpected. The identification of the band or group of bands which are 
associated with the smaller gap is uncertain. Five or six bands cross the Fermi level in the 
tetragonal or cubic phase of Nb3Sn, respectively. The band structure is sensitive to structural 
details such as the dimerization of Nb chains (corresponding to a 12G  optical phonon) and, to a 
much lesser extent, the tetragonal distortion.[25, 26] The splitting of the 12G  doublet hardly 
affects the DOS at the Fermi level.[25, 26] Taking the Fermi surface sheets obtained by the 
linear muffin-tin orbital method, which are supported by two-dimensional angular correlation 
of positron annihilation radiation in the cubic state,[50] we can exclude some sheets because 
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their contribution to the DOS is too large. This is the case for bands #5 and #6 in the 
numbering adopted by Ref. [50], #5 containing the Fermi surface of a very flat band due to 
the Nb 4d electrons, assumed to be responsible for the high cT . The remaining candidates are 
mostly empty "jungle-gym" structures of holes. According to the decomposition of the total 
DOS at the Fermi level into symmetry-projected components given by Mattheiss and Weber 
for the cubic phase,[51] 83.4% of the bare DOS originates from the Nb d-bands, in particular 
)(sd  and )(pd , the remaining part being essentially due to the Nb p-bands. Taking into 
account the large renormalization 31 »l+  for d states,[30] and assuming 2.11 »l+  for the 
other ones, the fraction of the renormalized DOS which originates from the Nb d-bands 
becomes 6.92» %. This is quantitatively consistent with the experimental ratio 925.01 =- x  
(Table II), and gives support to a scenario in which the superconducting coupling originates 
from the Nb d-bands, while a minor gap or several small gaps are induced in the s- and p-
bands by interband scattering or Cooper pair tunnelling (for a review see Ref. [52]). 
 
Is the second gap a specific characteristic of "high" temperature A15 superconductors? The 
answer is probably no. We have inspected the low-temperature specific heat of three nearly 
stoichiometric samples of V3Si measured down to 1.35 K in our laboratory, and see no 
comparable anomaly. The data are strictly linear in the TC /  versus 2T  plot below 5 K2, and 
point to =g0 0.04, 0.02 and 0.00±0.001 mJ/(K
2gat), for a polycrystal and two single crystals, 
respectively. The single crystal data of Ref. [53] follow a similar behavior with =g0 0.05 
mJ/(K2gat) down to 0.3 K, without any trace of a downturn. As for the other A15 compounds, 
some samples, in particular the non-stoichiometric ones, tend to show a larger value of 0g  that 
may be simply attributed to incomplete superconductivity or second phases. 
 
Finally we would like to comment on the possible anisotropy of the main gap LD . It was 
reported in the early tunneling measurements of Hoffstein and Cohen that =D cBTk/)0(2 2.8, 
2.1, and 1.0 along the [100], [110], and [111] directions, respectively.[54] The minimum gap 
might be consistent with the anomaly we observe in the specific heat; the other values are not. 
However, more recent high quality data on superconductor / insulator / superconductor 
junctions exclude gap anisotropy and give =D cBTk/)0(2 4.1.[30, 48] Furthermore the 
measured specific heat is not compatible with a standard anisotropy for which )(k
r
D  is 
described by an ellipsoid. 
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Conclusion 
 
The new specific-heat measurements presented in this work on a particularly homogeneous 
polycrystalline sample give more details on a low-temperature anomaly that has previously 
been reported in Nb3Sn, and in particular on its behavior in a magnetic field. The observed 
features are consistent with the presence of a second gap about 6 times smaller than the main 
one. This minor gap opens in a band or group of bands which are responsible for ~7.5% of the 
total renormalized DOS, most probably the Nb and Sn s and p bands. Its signature vanishes at 
high fields. 
 
One may wonder if this interpretation of the low-temperature specific heat of Nb3Sn is 
unique. From the variation of the specific heat versus the magnetic field, we can reject four 
other types of contributions: (i) a magnetic contribution, which would scale with TH / ; (ii) a 
low-lying phonon mode, which would be insensitive to H; (iii) the normal-state electronic 
specific heat of an impurity, which would also be insensitive to H; and (iv) the broad 
superconducting transition of a spurious tin-rich phase, which would disappear at very low 
fields. Exotic scenarios such as a two-level specific heat due to the quasi degeneracy of the 
cubic- and tetragonal-state energies, together with a hypothetical stabilization at high fields 
associated with shifts in the electronic DOS on the meV scale, cannot be totally excluded. A 
definitive confirmation should come from the convergence of independent experimental 
results, both spectroscopic (tunneling, point-contact, etc.) and bulk (thermal conductivity, 
specific heat, thermal expansion, penetration depth). At the time of writing, we are just 
informed that features on an energy scale consistent with )0(SD  have indeed been detected by 
point-contact spectroscopy on the very same sample used in this work.[13] Further 
experiments, in particular thermal conductivity,[55] are in progress, and will be reported 
separately. 
 
Acknowledgements 
 
Stimulating discussions with J. Kortus, T. Jarlborg, and J. Geerk are gratefully acknowledged. 
We thank R. Cerny and E. Giannini for their expert support in X-ray diffraction, N. Clayton 
and A. Naula for their help. This work was supported by the National Science Foundation 
through the National Centre of Competence in Research "Materials with Novel Electronic 
Properties–MaNEP".
manuscript Guritanu et al PRB 2004.doc 
15/28 
 
Figure captions 
 
Fig. 1.  Observed, calculated, and difference X-ray powder diffraction patterns of Nb3Sn at 
293 K. Inset: tetragonal lattice parameters c and a below the martensitic 
transformation temperature. 
 
Fig. 2. Total heat capacity of Nb3Sn versus temperature. (a), specific heat measured in zero 
field by continuous-heating adiabatic calorimetry above 15 K (~3000 independent 
data) and by relaxation calorimetry below 22 K. Inset: ac susceptibility at the 
superconducting transition. (b), specific heat divided by the temperature near Tc in 
fields of 0, 4, 10, and 16 T. The normal-state extrapolation (dashed line) is based on 
the entropy plot, Fig. 3. Inset: field-cooled (FC) and zero-field cooled (ZFC) 
susceptibility (corrected for a demagnetization factor D = 0.05; applied field: 5 mT). 
 
Fig. 3. Total entropy divided by the temperature for fields of (from right to left) 0, 2, 4, 7, 
10, 13, and 16 T. The intercept of the extrapolation (full line) with the ordinate axis 
defines the Sommerfeld constant g . A low-temperature anomaly is visible near the 
origin in zero field. Inset: low-temperature mixed-state coefficient )(Hg  evaluated at 
T = 1 K versus the field.  
 
Fig. 4. Electronic specific heat divided by the temperature in fields of  (from right to left) 0, 
2, 4, 7, 10, 13, and 16 T versus the temperature squared. Left inset: enlargement of 
the region below 9 K for fields of 0 and 10 T, showing the effect of the field on the 
anomaly. Right inset: enlargement of the region below 4.5 K for fields of (from 
bottom to top) 0, 0.2, 0.5, 1, 2, 4, 7, 10, 13, and 16 T. 
 
Fig. 5. Phase diagram in the H – T plane. The present data (·) are derived from the middle 
of the specific heat jump. An alternative determination of )(HTc  using the local 
entropy balance is shown as a vertical bar on the low temperature side. Khlopkin's 
data (´) are included for comparison.[19] The WHH curve fitted near cT  is shown as 
a full line. Inset: deviation function of the thermodynamic critical field. 
 
Fig. 6. Normalized electronic specific heat as a function of the reduced temperature in zero 
field (frame (a), low temperature region; frame (b), near cT ), showing the measured 
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data (○), the BCS curve with =D cBTk/2 0 3.53 (long-dashed line), a single-gap, 
strong-coupling curve with =D cBTk/2 0 4.7 fitted to the specific heat jump (short-
dashed line), and a two-gap fit (full line through the data). The residual deviation at 
the lowest temperatures might be due to the presence of smaller gaps, but other 
sources cannot be excluded. Inset of Fig. 6a: similar data for MgB2.[43] Inset of Fig. 
6b: semi-logarithmic plot of the normalized electronic specific heat versus the 
inverse reduced temperature, showing a crossover to a smaller asymptotic slope at 
low temperature (full line). 
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Tables 
 
Table I. Characteristic parameters of Nb3Sn. cT , superconducting transition 
temperature; a, lattice parameter at room temperature; mT , martensitic transformation 
temperature; ca / , tetragonal distortion at 10 K; Vgat, mean atomic volume at T = 10 K; g , 
Sommerfeld constant; )0(DQ , Debye temperature at 0®T ; )0(2cH , upper critical field at 
0®T ; )0(cH , thermodynamic critical field at 0®T ; )0(1cH , lower critical field at 0®T  
obtained from )2/(ln)0( kkcH ; x , Ginzburg-Landau coherence length; l , Ginzburg-
Landau penetration depth; xl=k / . 
 
 
 
cT   (K) 17.8±0.1 
a  (Å) 5.293±0.001 
mT   (K) 40~45 
ca /  1.0026±0.0001 
Vgat  (cm3 gat-1) 11.085±0.005 
g   (mJ K-2 gat-1) 13.7±0.2 
)0(DQ   (K) 233.7±2 
)0(2cH   (T) 25±0.5 
)0(cH   (T) 0.52±0.01 
)0(1cH   (T) 0.038 
x   (Å) 36 
l   (Å) 1240 
k  34 
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Table II. Comparison of the parameters of the two-gap model in Nb3Sn (this work) and 
MgB2 (Ref. [2, 43]). cT , superconducting transition temperature; g , Sommerfeld constant; 
)0(SD , smaller gap at 0®T ; )0(LD , larger gap at 0®T ; x, fraction of the renormalized 
DOS of the band in which the smaller gap opens. 
 
 
 
 Nb3Sn MgB2 
cT   (K) 17.8 38 
g   (mJ K-2 gat-1) 13.7 0.9 
cBS Tk/)0(2D  0.8±0.05 1.3 
cBL Tk/)0(2D  4.9±0.05 3.9 
x 7.5% 50% 
)0(SD   (meV) 0.61±0.05 2.1 
)0(LD   (meV) 3.68±0.05 6.2 
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Fig. 1.  Observed, calculated, and difference X-ray powder diffraction patterns of Nb3Sn at 
293 K. Inset: tetragonal lattice parameters c and a below the martensitic 
transformation temperature. 
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Fig. 2a 
 
Fig. 2. Total heat capacity of Nb3Sn versus temperature. (a), specific heat measured in zero 
field by continuous-heating adiabatic calorimetry above 15 K (~3000 independent 
data) and by relaxation calorimetry below 22 K. Inset: ac susceptibility at the 
superconducting transition. (b), specific heat divided by the temperature near Tc in 
fields of 0, 4, 10, and 16 T. The normal-state extrapolation (dashed line) is based on 
the entropy plot, Fig. 3. Inset: field-cooled (FC) and zero-field cooled (ZFC) 
susceptibility (corrected for a demagnetization factor D = 0.03; applied field: 5 mT). 
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Fig. 2b 
 
Fig. 2. Total heat capacity of Nb3Sn versus temperature. (a), specific heat measured in zero 
field by continuous-heating adiabatic calorimetry above 15 K (~3000 independent 
data) and by relaxation calorimetry below 22 K. Inset: ac susceptibility at the 
superconducting transition. (b), specific heat divided by the temperature near Tc in 
fields of 0, 4, 10, and 16 T. The normal-state extrapolation (dashed line) is based on 
the entropy plot, Fig. 3. Inset: field-cooled (FC) and zero-field cooled (ZFC) 
susceptibility (corrected for a demagnetization factor D = 0.05; applied field: 5 mT). 
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Fig. 3. Total entropy divided by the temperature for fields of (from right to left) 0, 2, 4, 7, 
10, 13, and 16 T. The intercept of the extrapolation (full line) with the ordinate axis 
defines the Sommerfeld constant g . A low-temperature anomaly is visible near the 
origin in zero field. Inset: low-temperature mixed-state coefficient )(Hg  evaluated at 
T = 1 K versus the field. 
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Fig. 4. Electronic specific heat divided by the temperature in fields of  (from right to left) 0, 
2, 4, 7, 10, 13, and 16 T versus the temperature squared. Left inset: enlargement of 
the region below 9 K for fields of 0 and 10 T, showing the effect of the field on the 
anomaly. Right inset: enlargement of the region below 4.5 K for fields of (from 
bottom to top) 0, 0.2, 0.5, 1, 2, 4, 7, 10, 13, and 16 T. 
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Fig. 5. Phase diagram in the H – T plane. The present data (·) are derived from the middle 
of the specific heat jump. An alternative determination of )(HTc  using the entropy 
balance is shown as a vertical bar on the low temperature side. Khlopkin's data (´) 
are included for comparison.[19] The WHH curve fitted near cT  is shown as a full 
line. Inset: deviation function of the thermodynamic critical field. 
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Fig. 6a 
Fig. 6. Normalized electronic specific heat as a function of the reduced temperature in zero 
field (frame (a), low temperature region; frame (b), near cT ), showing the measured 
data (○), the BCS curve with =D cBTk/2 0 3.53 (long-dashed line), a single-gap, 
strong-coupling curve with =D cBTk/2 0 4.7 fitted to the specific heat jump (short-
dashed line), and a two-gap fit (full line through the data). The residual deviation at 
the lowest temperatures might be due to the presence of smaller gaps, but other 
sources cannot be excluded. Inset of Fig. 6a: similar data for MgB2;[43] inset of Fig. 
6b: semi-logarithmic plot of the normalized electronic specific heat versus the 
inverse reduced temperature, showing a crossover to a smaller asymptotic slope at 
low temperature (full line). 
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Fig. 6b 
 
 
Fig. 6. Normalized electronic specific heat as a function of the reduced temperature in zero 
field (frame (a), low temperature region; frame (b), near cT ), showing the measured 
data (○), the BCS curve with =D cBTk/2 0 3.53 (long-dashed line), a single-gap, 
strong-coupling curve with =D cBTk/2 0 4.7 fitted to the specific heat jump (short-
dashed line), and a two-gap fit (full line through the data). The residual deviation at 
the lowest temperatures might be due to the presence of smaller gaps, but other 
sources cannot be excluded. Inset of Fig. 6a: similar data for MgB2;[43] inset of Fig. 
6b: semi-logarithmic plot of the normalized electronic specific heat versus the 
inverse reduced temperature, showing a crossover to a smaller asymptotic slope at 
low temperature (full line). 
